Both menin and glucagon-like peptide 1 (GLP-1) pathways play central yet opposing role in regulating β cell function, with menin suppressing, and GLP-1 promoting, β cell function. However, little is known as to whether or how GLP-1 pathway represses menin function. Here, we show that GLP-1 signaling-activated protein kinase A (PKA) directly phosphorylates menin at the serine 487 residue, relieving menin-mediated suppression of insulin expression and cell proliferation. Mechanistically, Ser487-phosphorylated menin gains increased binding affinity to nuclear actin/myosin IIa proteins and gets sequestrated from the Ins1 promoter. This event leads to reduced binding of repressive epigenetic histone modifiers suppressor variegation 3-9 homologue protein 1 (SUV39H1) and histone deacetylases 1 (HDAC1) at the locus and subsequently increased Ins1 gene transcription. Ser487 phosphorylation of menin also increases expression of proproliferative cyclin D2 and β cell proliferation. Our results have uncovered a previously unappreciated physiological link in which GLP-1 signaling suppresses menin function through phosphorylation-triggered and actin/myosin cytoskeletal protein-mediated derepression of gene transcription.
Introduction
Menin, encoded by the MEN1 gene (Men1 in mice), which is mutated in human multiple neoplasia type 1 (MEN1) syndrome, is mainly a nuclear protein (Chandrasekharappa et al., 1997; Thakker, 2010) . Based on functional and x-ray crystallography studies, menin acts as a scaffold protein by interacting with various epigenetic regulators (Karnik et al., 2005; Murai et al., 2011; Huang et al., 2012) . Menin represses gene transcription by interacting with epigenetic regulators, including histone deacetylases (HDACs; Agarwal et al., 1999; Gobl et al., 1999; Kim et al., 2003) or histone H3K9 methyltransferase-like suppressor variegation 3-9 homologue protein 1 (SUV39H1; Feng et al., 2017) . Our previous studies have shown that menin is a prodiabetic factor, as ablation of the Men1 gene reverses preexisting hyperglycemia in diabetes and prevents development of diabetes in streptozotocin-treated mice (Yang et al., 2010a,b) . Moreover, ectopic expression of menin in cultured β cells leads to reduction of insulin expression (Sayo et al., 2002) . Numerous attempts have been made to understand whether posttranslational modifications influence menin function in regulating β cells, and multiple phosphorylation sites have been reported in menin protein (MacConaill et al., 2006; Francis et al., 2011) . However, none of these phosphorylation sites has been shown crucial for regulating menin function.
Glucagon-like peptide 1 (GLP-1) is a cleaved peptide processed from a precursor encoded by the glucagon gene in intestinal L cells. GLP-1 binds to its cell surface receptors, generating second-messenger cAMP and thus activating protein kinase A (PKA) and cAMP-regulated guanine nucleotide exchange factor II (Epac2; Drucker and Rosen, 2011) . GLP-1 has pleiotropic functions, including upregulation of β cell proliferation and insulin secretion (Stoffers et al., 2000; Buteau et al., 2003; De León et al., 2006; Yusta et al., 2006) , acting as a major player in regulating islet function and a key target of therapy for type 2 diabetes.
While it is well documented that both the menin and GLP-1 pathways play a central yet opposite role in regulating β cell function and islet mass, little is known as to whether GLP-1 signaling has any influence on menin. In current studies, we investigated the interplay between these two pathways in regulating insulin expression, and the underlying mechanism in this process was also elucidated.
Results
GLP-1 signaling induces phosphorylation of menin at the Ser487 residue through PKA As both GLP-1 and menin are crucial regulators of the β cell function and GLP-1 signaling increases PKA activity, we determined whether PKA interacted with menin and thus affected its function. We expressed PKA (PKA Cα) and menin in HEK293 cells, followed by coimmunoprecipitation (coIP). The results indicated that ectopically expressed menin bound to PKA Cα (Fig. S1 A) . In vitro pull-down assay using purified menin and PKA Cα showed that menin and PKA directly interacted with each other (Fig. S1 B) . Consistently, interaction between endogenous menin and PKA Cα was also confirmed in mouse embryonic fibroblasts (MEFs; Fig. S1 C) and INS-1 cells (Fig. S1  D) . These findings prompted us to examine whether PKA Cα could directly phosphorylate menin. We therefore used purified PKA Cα and full-length recombinant menin proteins to perform in vitro kinase assay. Proteins in various reactions were immunoblotted with a well-characterized phospho-(Ser/Thr) PKA substrate-specific antibody, which was designed to detect peptides and proteins containing a phospho-(Ser/Thr) residue. Indeed, our results showed that PKA Cα directly phosphorylated menin in vitro ( Fig. 1 A) . Given the well-established notion that GLP-1 signals through cAMP and eventually activates PKA, we investigated whether GLP-1 signaling enhanced menin phosphorylation inside β cells. Serum-starved INS-1 cells were treated with Exendin-4 (Ex-4), a potent GLP-1 analogue. Menin was immunoprecipitated and detected with the phospho-(Ser/ Thr) PKA substrate-specific antibody. The results showed that Ex-4 treatment induced menin phosphorylation as a substrate of PKA ( Fig. 1 B) . Consistently, forskolin, a potent adenylate cyclase activator, also substantially increased menin phosphorylation ( Fig. 1 B) . To determine the possibility that this phosphorylation might be induced by the Epac2 pathway, which is also activated by cAMP, INS-1 cells were treated with either dibutyryl-cAMP, an analogue of cAMP that stimulates PKA, or 8-pCPT-29-O-Me-cAMP-AM, a highly membrane-permeable analogue of cAMP in INS-1 cells that is specific for Epac2, but not PKA, activation (Chepurny et al., 2009) . Treatment with dibutyryl-cAMP, but not 8-pCPT-29-O-Me-cAMP-AM, led to menin phosphorylation ( Fig. 1 B) . Furthermore, Rp-cAMPS, a cell-permeable inhibitor of PKA, abolished forskolin-and Ex-4-induced menin phosphorylation ( Fig. 1 C) . PKA-mediated menin phosphorylation was also confirmed using treatment with H-89 ( Fig. S2 A) , another membrane-permeable inhibitor of PKA kinase activity (Schwede et al., 2015) .
PKA phosphorylates proteins that have the motif R/K-R/K-X-S/T exposed on the surface. Sequence analysis of human menin highlights two potential phosphorylation sites: KKVS 122 and RRES 487 . Among them, the Ser487 residue is highly conserved (Fig. 1 D) . To determine the exact site phosphorylated by PKA in menin, we generated S122A menin and S487A mutants (which mimic the unphosphorylated form) in constructs expressing Flag-tagged or His-tagged menin. Flag-tagged menin were transfected into HEK293 cells and immunoprecipitated for in vitro kinase assay. Although PKA Cα still induced menin phosphorylation when Ser122 was mutated to alanine, menin phosphorylation was completely abolished in S487A menin mutant ( Fig. 1 E) . Kinase assay using purified His-menin proteins also showed that S487A, but not S122A mutant, blocked PKA-induced menin phosphorylation ( Fig. 1 F) , demonstrating that Ser487 is the sole in vitro PKA phosphorylation site.
As the antibody against pan-phospho R/K-R/K-X-S/T site also recognizes many other PKA-phosphorylated proteins, we generated pSer487-menin monoclonal antibody by immunizing mice with the pSer487-containing peptide. To evaluate the specificity of the pSer487 menin antibody, HEK293 cells were transfected with Flag-menin and GFP-PKA Cα, and we found that the antibody only detected phosphorylated menin from the cells cotransfected with WT menin and PKA Cα (Fig. 1 G) . Samples from in vitro kinase assay, performed with purified PKA Cα and recombinant His-menin proteins, were also detected with pSer487-menin antibody, showing that the antibody specifically recognized His-menin phosphorylated by PKA Cα in the presence of ATP ( Fig. S2 B) . To determine whether physiologically or pharmacologically induced menin phosphorylation could also be recognized by our pSer487-menin antibody, we treated INS-1 cells with Ex-4, forskolin, dibutyryl-cAMP, or 8-pCPT-29-O-Me-cAMP-AM and found that this antibody detected menin phosphorylation induced by Ex-4, forskolin, or dibutyryl-cAMP, but not 8-pCPT-29-O-Me-cAMP-AM (Figs. 1 H and S2 C). As expected, the phosphorylation was abolished by Rp-cAMPS ( Fig. 1 H) .
It was previously reported that the Ser/Thr kinase inhibitor Ro-31-8220 blocked the action of Ex-4 to stimulate insulin gene promoter activity via the cAMP response element in INS-1 cells (Chepurny et al., 2002) , we therefore investigated whether this PKA-independent mechanism of Ex-4 action was also involved in menin phosphorylation by testing Ro-31-8220 at various concentrations in Ex-4-treated INS-1 cells. The results indicated that Ro-31-8220 could not block Ex-4-induced menin phosphorylation at lower concentrations (0.1 µM, 0.5 µM, or 1.0 µM), but it decreased menin phosphorylation by ∼39% at 10 µM (Fig. S2, D and E) . Since Ro-31-8220 can also inhibit PKA activity (IC 50 = 900 nM; Davis et al., 1992) , we reasoned that the decreased menin phosphorylation was due to the inhibition of PKA activity by Ro-31-8220 at the high concentration. Taken together, our data suggested that PKA primarily mediated the action of Ex-4 in menin phosphorylation.
Ser487 phosphorylation of menin influences the synthesis of insulin, but not the fold induction of insulin secretion by Ex-4, by regulating insulin gene transcription We sought to determine whether mutation of the phosphorylation acceptor site Ser487 to aspartate (D), a residue that mimics negatively charged phospho-group, or alanine (A), which is resistant to phosphorylation, has any effect on menin function. To this end, we stably transduced INS-1 cells, which expressed an amount of menin comparable to that in primary rat islets (Fig. 2, A and B) , with empty vector-, WT-, S487A-, or S487D menin-expressing retroviruses, and the expression level of menin was confirmed by Western blot (Fig. 2 C) . These various types of cells were treated for a short time with Ex-4, and supernatants of the culture were collected. We found that ectopic expression of WT or S487A menin reduced the amount of secreted insulin in the supernatants, while S487D mutant failed to do so (Fig. 2 D) . It is worth noting that Ex-4 potentiated glucose stimulated insulin secretion similarly in terms of the fold induction in all four cell lines (Fig. 2 , E and F), suggesting that Ser487 phosphorylation of menin regulated the amount of insulin content rather than the secretory capacity of β cells. Indeed, insulin content from the total cell lysates was reduced in INS-1 cells expressing WT or S487A menin as compared with that of vector-or S487D menin-expressing cells (Fig. 2 G) .
We then performed RNA-sequencing analysis and found that the expression of Ins1 gene was 3.7 times higher in S487D menin cells than in S487A menin cells. Insulin mRNA level was further Figure 1 . Ex-4 induces phosphorylation of menin at the Ser487 residue through PKA. (A) Purified recombinant His-menin proteins were incubated with active PKA Cα in the presence of ATP. After SDS-PAGE, the phosphorylation was tested with anti-phospho-(Ser/Thr) PKA substrate antibody. Anti-menin antibody showed that equal amount of menin was used for the kinase assay. (B) After overnight starvation, INS-1 cells were treated with 10 nM Ex-4, 10 µM forskolin, 100 µM dibutyryl-cAMP, or 10 µM 8-pCPT-29-O-Me-cAMP-AM for 30 min and then lysed for immunoprecipitation (IP) with anti-menin antibody. Proteins retained on sepharose were blotted with the indicated antibodies. (C) 2 h before forskolin or Ex-4 treatment, 2 µM Rp-cAMPS was added to the starvation medium, and the same experiment described in B was conducted. (D) The Ser487 residue of menin is highly conserved among species. (E) HEK293 cells were transfected with full-length Flag-menin WT, S122A, or S487A mutant, followed by IP using anti-Flag antibody. Proteins retained on sepharose were incubated with active PKA Cα for the kinase assay and then blotted with anti-phospho-(Ser/Thr) PKA substrate antibody. (F) Purified His-menin proteins (WT, S122A, or S487A mutant) were incubated with active PKA Cα in the presence of ATP. After SDS-PAGE, the phosphorylation was tested with anti-phospho-(Ser/ Thr) PKA substrate antibody. (G) HEK293 cells cotransfected with Flag-menin (WT or S487A or S487D mutant) and GFP-PKA Cα were lysed and subjected to Western blot using the indicated antibodies. (H) INS-1 cells, treated with 10 nM Ex-4, 10 µM forskolin for 30 min after overnight starvation, were lysed for IP with anti-menin antibody, followed by Western blot with the indicated antibodies. 2 µM Rp-cAMPS was added to the starvation medium 2 h before treatment, if applicable.
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Journal of Cell Biology 857 GLP-1 signaling suppresses menin in β cells https://doi.org/10.1083/jcb.201805049 confirmed with quantitative real-time PCR in all four cell lines using primers designed to Ins1 gene ( Fig. 2 H) . Long-term treatment with Ex-4 showed that vector or WT menintransduced INS-1 cells were sensitive to Ex-4 in terms of induction of insulin transcription (mRNA level). On the other hand, Ex-4 treatment only slightly increased the insulin mRNA level in S487D menin cells while having no effect in S487A menin cells ( Fig. 2 H) . Since transfected INS-1 cells expressing recombinant menin might work as a nonphysiological context, we stably knocked down menin in INS-1 cells (Fig. 2 , I and J) and found that knockdown of menin increased insulin expression, which was consistent with previous report that menin inhibited insulin transcription in rat insulinoma cells (Sayo et al., 2002) . However, the knockdown cells no longer responded to Ex-4-induced insulin transcription ( Fig. 2 K) , suggesting that endogenous menin mediated the action of Ex-4.
Ser487 phosphorylation of menin epigenetically promotes insulin transcription by attenuating SUV39H1-and HDAC1-mediated repression
We next investigated how menin phosphorylation might affect Ins1 transcription. As menin interacts with various epigenetic regulators that catalyze histone modifications, we examined the trimethylation levels of H3K4, H3K9, and H3K27, as well as acetylation level of histone H3 at the Ins1 promoter, the four established histone marks involving transcriptional regulation. Using a chromatin immunoprecipitation (ChIP) assay, we found that the level of H3K9 trimethylation, a transcription repression-associated histone marker, was significantly increased at the Ins1 locus in menin WT-or S487A-overexpressing cells as compared with that in vector-or S487D menin-overexpressing cells; however, H3K4 and H3K27 trimethylation levels showed no substantial changes. We also detected a profoundly decreased level of histone H3 acetylation in menin WT-or S487Aoverexpressing cells ( Fig. 3 A) . Together, these data indicated that menin phosphorylation at Ser487 promoted Ins1 transcription, at least partially, through H3K9 trimethylation and H3 acetylation. We then explored whether SUV39H1 and HADC1 bound to the Ins1 promoter, and if so, whether S487A menin or S487D mutant affected their association with the promoter, as menin interacted with these factors in certain non-β cells (Yang et al., 2013) . As compared with vector control cells, INS-1 cells expressing WT menin or S487A mutant showed increased binding of SUV39H1 and HDAC1 to the Ins1 locus. Notably, phospho-mimicking S487D mutant led to substantial reduction of these transcription repressors at the locus ( Fig. 3 B) , consistent with the epigenetic histone marker changes at the Ins1 locus shown in Fig. 3 A.
We reasoned that S487D mutant might fail to reach the Ins1 locus or/and fail to recruit epigenetic repressors to the locus. ChIP results showed that, unlike WT menin and S487A mutant, which bound to the Ins1 locus, S487D mutant was not detectible at the locus ( Fig. 3 C) . Furthermore, treatment of INS-1 cells with Ex-4 or forskolin, which induced Ser487 menin phosphorylation, also led to significant reduction of menin binding to the Ins1 locus ( Fig. 3 , D and E). Meanwhile, coIP conducted in HEK293 cells overexpressing Flag-menin and His-SUV39H1 indicated that Ser487 phosphorylation of menin did not affect its interaction with SUV39H1 and HDAC1 ( Fig. 3 F) . INS-1 cells were then treated with the SUV39H1 inhibitor Chaetocin or the pan-HDAC inhibitors trichostatin A and suberoylanilidehydroxamic acid (SAHA). The results showed that the three inhibitors each had little impact on Ins1 mRNA level in the control cells ( Fig. 3 G) . As indicated earlier ( Fig. 2 H) , ectopic expression of WT menin or S487A mutant led to marked reduction of Ins1 mRNA levels, and this effect was repressed by each of the three inhibitors. Consistently, in S487D menin mutant-expressing cells, the Ins1 mRNA level was not increased by treatment with any of the three inhibitors ( Fig. 3 G) . These results indicated that Ser487 phosphorylation of menin epigenetically promoted insulin transcription through SUV39H1 and HDAC1.
Menin Ser487 phosphorylation leads to enhanced binding to nuclear actin/myosin proteins How does phosphorylation of menin at Ser487 lead to reduced binding to the loci of its target genes? According to our results, Ser487 phosphorylated menin did not substantially translocate out to the cytoplasm in MEF or forskolin-treated INS-1 cells (Fig.  S3, A and B ). We hypothesized that phosphorylated menin might bind to certain partner proteins and thus be sequestered from its target genes. To test our hypothesis, we performed coIP using anti-Flag antibody in nuclear extract from menin-null MEF cells complemented with S487A or S487D menin mutant. Based on silver staining, three bands that differentially associated with either S487A or S487D mutant were identified ( Fig. 4 A, upper panel) . Sequencing analysis of these bands using mass spectrometry technique showed that band 1, associating with S487A mutant, was KMT2, a protein known to bind menin (Hughes et al., 2004) , while band 2 and 3 only associated with S487D mutant and contained myosin IIa and β actin, respectively, both of which are cytoskeletal proteins. The immunoprecipitated menin was not visible in the silver staining gel but could be detected by Western blot ( Fig. 4 A, lower panel). It is possible that although silver staining is a highly sensitive method for staining certain proteins in polyacrylamide gels, it is not as sensitive as Western blot.
To further confirm that S487D mutant, but not WT menin or S487A mutant, differentially binds these cytoskeletal proteins, we performed coIP experiment using anti-Flag antibody with the control or menin WT, S487A or S487D expressing MEF cells, followed by Western blot to detect myosin IIa and β actin. The results showed that indeed only S487D, but not WT or S487A, bound these cytoskeletal proteins. Meanwhile, treatment of the cells with forskolin, which potently induced menin phosphorylation at Ser487, led to increased binding of myosin IIa and β actin to WT menin but had no impact on cells expressing S487A or S487D mutant ( Fig. 4 B) . We also treated INS-1 cells with forskolin or Ex-4 to detect interaction between phosphorylated menin and myosin IIa or β actin. The results showed that forskolin or Ex-4 could induce interaction of menin with myosin IIa and β actin in β cells ( Fig. 4 C) .
While it is well known that myosin interacts with actin to control muscle contraction, nonmuscle myosin IIa also interacts with F-actin to influence motility in nonmuscle cells (Doller et al., 2013) . Moreover, nuclear actin is also involved in regulating gene transcription via influencing nuclear protein shuttling between the nucleus and cytoplasm (Zheng et al., 2009 ). To determine whether monomeric globular actin (G-actin) or polymerized F-actin prefers to bind phosphorylated menin, we treated INS-1 cells with Ex-4, jasplakinolide (an F-actin polymerizing and stabilizing agent), or their combination and found that jasplakinolide substantially enhanced pSer487 menin binding to actin and myosin IIa (Fig. 4 D) . In contrast, cytochalasin D, an F-actin-disrupting agent ( Fig. 4 E) , or a more selective G-actin-binding and sequestering agent, latrunculin B ( Fig. S3 C) interaction with pSer487 menin. Together, this series of experiments suggested that Ser487 phosphorylated menin had enhanced affinity with the nuclear cytoskeletal proteins, which could lead to, or at least participate in, the sequestration of phosphorylated menin away from loci of the target genes such as Ins1.
Nuclear actin may control insulin transcription by influencing menin binding at the Ins1 locus To further test our hypothesis that the nuclear F-actin-menin interaction is crucial for the regulation of pSer487 meninmediated insulin transcription, we treated INS-1 cells with cytochalasin D and found that cytochalasin D blocked Ex-4-induced insulin transcription ( Fig. 5 A) , concomitant with increased menin binding at the Ins1 locus, as shown by ChIP assay (Fig. 5  B) . Cytochalasin D also repressed insulin transcription in S487D menin-overexpressing INS-1 cells while having no effect on S487A menin INS-1 cells (Fig. 5 C) . Consistently, cytochalasin D treatment resulted in increased menin binding at the Ins1 locus in S487D menin cells, but not in S487A menin cells ( Fig. 5 D) , suggesting that depolymerized actin failed to move S487D menin out of the Ins1 locus. As reduced expression of the import factor importin 9 (IPO9) decreased F-actin in somatic cell nuclei (Belin et al., 2013) , we knocked down IPO9 in INS-1 cells with siRNAs ( Fig. 5 E) and found that with IPO9 knocked down, Ex-4 could not promote insulin transcription anymore (Fig. 5 F) . Meanwhile, the binding of menin at the Ins1 locus stayed the same even with Ex-4 treatment (Fig. 5 G) . IPO9 was also knocked down in S487Aor S487D menin-overexpressing INS-1 cells (Fig. 5 H) . quantitative real-time PCR results showed that reduced expression of IPO9 decreased insulin expression in S487D INS-1 cells, but not in S487A INS-1 cells (Fig. 5 I) .
Simultaneously, IPO9 knockdown led to increased binding of menin at the Ins1 locus in S487D menin cells while having no effect on S487A menin cells ( Fig. 5 J) . To demonstrate whether cytochalasin D treatment or IPO9 knockdown actually disassembled the nuclear actin filaments in our cells, we first transfected INS-1 cells with pEGFP-C1 Utr230-EGFP-3XNLS (Utr230-EN) plasmid for detection of nuclear actin filaments (Belin et al., 2013) . The distribution of nuclear Utr230-EN exhibited three patterns in INS-1 cells: (i) punctate (∼6%), (ii) clustered (∼29%), and (iii) diffuse (∼65%; Fig.  S3 D) . Based on previous report, the punctate and clustered types represent structures with F-actin while the diffuse type indicates the absence of F-actin (Belin et al., 2013) . Both cytochalasin D treatment (Fig. S3 E) and IPO9 knockdown (Fig. S3 F) decreased the fraction of INS-1 cells with detectable nuclear F-actin structures. Similarly, we showed the existence of nuclear F-actin in MEF cells (Fig. S3 G) , and cells treated with cytochalasin D (Fig. S3 H) , or from which IPO9 had been depleted, revealed reduced nuclear F-actin structures (Fig. S3, I and J) . These results suggested the possibility that blocking importation of nuclear actin reduced F-actin formation and thus decreased the removal of phosphorylated menin at the Ins1 promoter, leading to derepression of insulin transcription. As export factor exportin 6 (XPO6) was demonstrated to produce the opposite effect of IPO9, and depletion of XPO6 increased F-actin in the nucleus (Belin et al., 2013) , we also knocked down XPO6 in INS-1 cells with siRNAs (Fig. S4, A and  B) . The result indicated that reduced expression of XPO6 led to moderate yet consistent increase in Ex-4 treatment-induced insulin mRNA as compared with that in the control (scramble) cells (Fig. S4 C) . These data suggested that actin in the nucleus rendered INS-1 cells more sensitive to Ex-4-induced insulin transcription, from ∼1.5 times to ∼1.8 times (Fig. S4 D) , finetuning the control of insulin expression.
Ser487 phosphorylated menin loses its ability to suppress cell proliferation As a putative tumor suppressor, menin has been shown to preferentially repress cell proliferation in endocrine tissues including pancreatic β cells (Crabtree et al., 2003) . We therefore examined whether Ser487 phosphorylation of menin had any effect on β cell proliferation using cell counting ( Fig. 6 A) , MTT cell proliferation assay (Fig. 6 B) , (C and D) INS-1 cells expressing S487A menin or S487D menin mutant were treated with or without 0.05 µM cytochalasin D for 12 h in serum-free medium, followed by quantitative real-time PCR analysis of insulin mRNA levels (n = 3). Data were normalized to the level of GAPDH (C). ChIP assays using Flag antibody were performed to detect menin at the ins1 promoter. IgG served as a negative control (n = 3; D). (E and F) INS-1 cells were transfected with IPO9 siRNAs for 48 h before serum was withdrawn from the culture medium. After overnight starvation, 10 nM Ex-4 was added to the starvation medium for 12 h, followed by quantitative real-time PCR analysis of IPO9 (E) and insulin (F) mRNA levels (n = 3). Data were normalized to the level of GAPDH. (G) SiIPO9 INS-1 cells were starved overnight before 30-min treatment with 10 nM Ex-4, and then ChIP assays were performed to detect menin at the Ins1 promoter. IgG served as a negative control (n = 3). (H-J) INS-1 cells expressing S487A menin or S487D menin mutant were transfected with IPO9 siRNAs for 72 h, followed by quantitative real-time PCR analysis of IPO9 (H) and insulin (I) mRNA levels (n = 3). Data were normalized to the level of GAPDH. ChIP assays using Flag antibody were performed to detect menin at the Ins1 promoter. IgG served as a negative control (n = 3). All statistics: one-way ANOVA with LSD post hoc test. **, P < 0.01. Error bars indicate SD. and BrdU assays (Fig. 6 C) . While menin overexpression (WT or S487A) inhibited INS-1 cell growth, phospho-mimicking S487D menin mutant lost its ability to repress INS-1 cell proliferation. Based on our RNA-sequencing data from S487A-or S487D-expressing INS-1 cells, we found that cyclin D2, which has been demonstrated to be essential for postnatal pancreatic β-cell growth (Kushner et al., 2005) , was upregulated in S487D-expressing cells. Consistently, quantitative real-time PCR and Western blot results showed that WT and S487A mutant menin repressed cyclin D2 expression in mRNA (Fig. 6 D) and protein levels ( Fig. 6 E) , but expression of S487D menin failed to do so. Like pancreatic β cells, MEF cell proliferation is also suppressed by menin expression (Schnepp et al., 2006) . As such, menin-null MEFs complemented with vector, Flag-menin WT, or S487A or S487D mutant ( Fig. S5 A) were also monitored by cell counting (Fig. S5 B) , MTT ( Fig. S5 C) , BrdU staining ( Fig. S5  D) , and colony-formation assays (Fig. S5, E and F) . Consistent with the results from INS-1 cells, Ser487 phosphorylation of menin led to loss of its ability to repress MEF cell proliferation. As expected, cyclin D2 expression level was also lower in WT or S487A menin-expressing cells as compared with vector or S487D menin cells (Fig. S5, G and H) . Taken together, these results suggested that Ser487 phosphorylation of menin regulated cell proliferation, at least partially, through cyclin D2.
Ex-4 stimulates the decreased Ser487 phosphorylation of menin in islets of Goto-Kakizaki (GK) rats
The finding that Ser487 phosphorylation of menin promotes insulin expression encouraged us to investigate whether the menin phosphorylation is altered in islets of diabetic model. We therefore isolated islets from Wistar rats and spontaneous diabetic GK rats for Western blot (Fig. 7, A and B) . As expected, the insulin level, detected as proinsulin, was decreased in GK islets, and total menin was also slightly lower in GK islets (Fig. 7 C) , possibly reflecting the autosuppressing of menin to compensate the reduced β cell mass and function. Notably, Ser487 phosphorylated menin was much more reduced in islets from diabetic GK rats than in those from Wistar rats (Fig. 7, D and E) .
We also performed immunohistochemistry in paraffinembedded sections of Wistar and GK islets with anti-menin or anti-pSer487 menin antibody, showing that Ser487 phosphorylated menin was hardly detectable in GK islets while total menin only slightly reduced (Fig. 7 F) . Even though GK islets had a low level of Ser487 phosphorylation, forskolin or Ex-4 treatment substantially boosted this phosphorylation, and as expected, the induced Ser487 phosphorylation was much repressed with the PKA inhibitor Rp-cAMPS ( Fig. 7 G) . As for Wistar islets, forskolin could still induce menin phosphorylation, but Ex-4 could not, probably because the menin phosphorylation background is already high in Wistar islets, so that forskolin, which has much stronger efficiency in activating PKA than Ex-4, was able to increase menin phosphorylation in the islets (Fig. 7 H) . We then subcutaneously injected GK rats with Ex-4 or control PBS daily, and blood glucose level (Fig. 7 I) and body weight (Fig. 7 J) of the rats were monitored every 3 d. 2 wk later, the rats were sacrificed and islets were isolated for Western blot. Our results indicated that Ex-4 injections increased menin phosphorylation as well as insulin production but did not change the amount of total menin (Fig. 7 K) . Together, these data demonstrated that Ex-4 also physiologically induced menin phosphorylation at Ser487 in vivo.
Discussion
The GLP-1 signaling pathway is crucial for positively regulating β cell function and islet mass (Nadkarni et al., 2014) . On the other hand, menin is the only genetically proven human gene whose inhibition leads to enhanced β cell proliferation and increased islet mass (Marx et al., 1999; Crabtree et al., 2001; Figure 7 . Ex-4 stimulates the decreased Ser487 phosphorylation of menin in islets of GK rats. (A and B) Blood glucose (A) and body weight (B) of Wistar and GK rats that were used for islet isolation (n = 5). (C) Islets isolated from diabetic GK and control Wistar rats were lysed for Western blot using the indicated antibodies. (D) Band density analysis was executed with ImageJ. Menin and pSer487 menin protein levels were quantified and normalized to β-actin (n = 3).
(E) Comparison of pSer487-menin/menin ratio between GK and Wistar islets (n = 3). (F) Immunohistochemistry was performed in paraffin-embedded sections of Wistar and GK islets using anti-menin or anti-pSer487 menin antibodies (scale bars, 25 µm). Insets show higher magnification of the selected areas; scale bars, 10 µm. (G) GK islets were treated with 10 µM forskolin or 10 nM Ex-4 for 30 min with or without 2 µM Rp-cAMPS and then lysed for Western blot using the indicated antibodies. (H) Wistar islets were treated with 10 µM forskolin or 10 nM Ex-4 for 30 min and then lysed for Western blot using the indicated antibodies. (I and J) Subcutaneous injection of Ex-4 (8 µg/kg/day) or PBS was conducted in age-, body weight-, and blood glucose-matched GK rats daily. Blood glucose (I) and body weight (J) of the rats were monitored every 3 d (n = 5). (K) 2 wk after subcutaneous injection of Ex-4 (8 µg/kg/day) or PBS, GK rats were sacrificed for islets isolation, followed by Western blot using the indicated antibodies. All statistics: two-tailed t tests. *, P < 0.05; **, P < 0.01. Error bars indicate SD. Bertolino et al., 2003; Schnepp et al., 2006; Thakker, 2010; Matkar et al., 2013) . Although our recent research shows that the small-molecule menin inhibitor MI-2-2 can increase β cell function (Muhammad et al., 2017) , a challenge has been that little is known about how menin is physiologically and mechanistically linked to the GLP-1 pathway in regulating β cells and whether this process is dysregulated in diabetes. In this regard, we have demonstrated that GLP-1 signaling-activated PKA directly phosphorylates menin at Ser487 to suppress menin function. These findings lead to a new concept that the genetically proven islet regulator menin is directly connected to the key GLP-1 pathway, revealing a novel molecular target of GLP-1 signaling in its promotion of β cell function. While thus far menin has been found to be phosphorylated at several sites, including Ser487 (MacConaill et al., 2006; Francis et al., 2011) , to our knowledge, no functional changes in phosphorylation or protein kinases responsible for phosphorylation have been definitively identified. In this aspect, we have, for the first time, identified that Ser487 menin phosphorylation induced by Ex-4/PKA is a key regulatory event that abolishes meninmediated suppression of insulin expression by releasing HDAC1 and SUV39H1-related epigenetic suppression. Nevertheless, the current studies do not rule out the possibility that other positive or negative regulators are also crucial for regulating Ins1 genes in concert with menin. One key that allowed us to discover this phosphorylation-regulated step was mutating Ser487 to the phospho-mimicking aspartate residue, as expression of this S487D mutant leads to menin loss of function by suppressing Ins1 transcription. In contrast, the S487A mutant that many studies have adopted works largely as a WT or even super-WT and thus failed to show this loss of function. The second key was that we generated a specific and highly sensitive pSer487 menin antibody that allowed us to examine acute changes in GLP-1 signaling-induced phosphorylation and accompanying functional changes. Sundaresan et al. (2017) recently reported that gastrin or forskolin could induce nuclear export and proteasome degradation of menin in neuroendocrine cells, but in our system, menin did not translocate out to the cytoplasm in forskolin-treated INS-1 cells. Even though Ser487 locates in the nuclear localization sequence 1 (479-497 aa) domain of menin, phosphorylation at this site did not show any effect on its nuclear-cytoplasmic shuttling. Overall, the current studies suggest an elaborate mechanism whereby GLP-1 signaling-induced menin phosphorylation suppresses menin activity in regulating insulin expression and cell proliferation.
Nuclear G-actin regulates transcription factor serum response factor-mediated transcription by promoting nuclear export of its cofactor, megakaryocyte acute leukemia (Miralles et al., 2003; Vartiainen et al., 2007; Baarlink et al., 2013) , indicating the crucial role of nuclear actin in regulating gene transcription. Our work clearly shows that GLP-1 signaling leads to menin phosphorylation and up-regulation of insulin transcription by de-repressing the insulin promoter, likely through nuclear F-actin-mediated removal of the pSer487 menin from the promoter. However, further work remains to precisely demonstrate how GLP-1 signaling controls nuclear F-actin formation and how F-actin interacts with pSer487 menin and removes it from the insulin promoter. It is noteworthy that majority of Utr230-EN-expressing cells (∼65% for INS-1 and ∼50% for MEFs) exhibit diffuse localization of the signals throughout the nucleoplasm, an indicator of free actin. We consider this conceivable because actin is dynamic between the free form and the polymerized form (F-actin), and rapid conversion between the two forms is important for actin to perform diverse tasks within various microenvironments of the cell, including the nucleus (Dopie et al., 2012) . Consistently, subcellular distribution of Utr230-EN in HeLa cells also indicates that most of cells display the diffuse pattern (Belin et al., 2015) . Utr230-EN-transfected U2OS cells show that large blobs (clustered structures) only account for a small portion of the stained structures (Belin et al., 2013) ; however, the probe reveals more large blobs in INS-1 cells, exceeding the number of punctate structures (Fig. S3, E  and F) . This is likely due to the variation of the staining patterns in different types of cells. Consistent with this, MEF cells display more punctate structures when transfected with precisely the same nuclear F-actin probe (Fig. S3, H and I) . Although Utr230-EN-transfected MEF cells appear normal, the probe is toxic to INS-1 cells and causes severe cell death ∼36 h after transfection. Fortunately, expression of the Utr230-EN probe for less than 24 h is tolerable to INS-1 cells. As such, we limited the probeexpressing time to 12 h before cytochalasin D treatment or expressed the probe by a second round of transfection after IPO9 knockdown to keep the expression time of the Utr230-EN probe within 24 h in INS-1 cells.
It is interesting to note that Ser487 menin phosphorylation was substantially reduced in the islets of diabetic GK rats. It is conceivable that in diabetic rats, the GLP-1 signaling pathway is weakened or less sensitive, leading to reduced menin phosphorylation and enhanced menin activity in suppressing insulin production. On the other hand, it is also possible that the diabetes-induced stress of β cells causes less accessibility of menin to PKA-mediated phosphorylation. While the detailed scenarios remain to be further investigated, our current studies have demonstrated the key role of Ex-4-induced and PKAmediated menin phosphorylation at Ser487 in β cells.
Our findings are consistent with a model of the interplay between the menin pathway and GLP-1 signaling pathway. Menin normally associates with SUV39H1 and HDAC1 to maintain the repressive histone markers at the insulin promoter to keep a subdued level of insulin expression ( Fig. 8 A) . When β cells receive signal from Ex-4/GLP-1, menin is phosphorylated at Ser487 and subsequently sequestrated to nuclear F-actin (Fig. 8  B) and thus loses its function to maintain the repressive epigenetic regulators at the locus, resulting in increased insulin expression ( Fig. 8 C) .
In summary, there are four highlights described in the current work: (1) Menin is demonstrated to be a novel molecular target of GLP-1 signaling in its promotion of β cell function.
(2) Ex-4-induced and PKA-mediated menin phosphorylation at Ser487, identified as the first functional posttranslational modification of menin, plays a crucial role in derepressing insulin transcription, fine-tuning the regulation of insulin production. Dysregulation of this circuitry may contribute to the development of type 2 diabetes. (3) We uncover a previously unrecognized mechanism whereby phosphorylated menin leads to reduced binding of repressive epigenetic regulators SUV39H1 and HDAC1 to the Ins1 locus, increasing insulin expression by derepression at the locus. (4) Nuclear F-actin actively participates in the regulation of Ins1 gene expression. Further studies of Ex-4/PKA/menin phosphorylation signaling in regulating other target genes in mouse and human islets will be informative to fully appreciate the importance of this crucial pathway.
Materials and methods

Antibodies and chemicals
The antibodies and chemicals used in this study were as follows: rabbit polyclonal anti-menin (A300-115A, 1:5,000 dilution; Bethyl), mouse monoclonal anti-Flag (clone M2; F3165, 1:1,000 dilution; Sigma-Aldrich), rabbit polyclonal anti-PKA Cα (4782, 1:1,000 dilution; Cell Signaling Technology), rabbit monoclonal anti-phospho-PKA substrate (RRXS*/T*; 9624, 1:1,000 dilution; Cell Signaling Technology), rabbit monoclonal anti-GFP (2956S, 1:1,000 dilution; Cell Signaling Technology), mouse monoclonal anti-insulin (clone L6B10; 8138, 1:1,000 dilution; Cell Signaling Technology), rabbit monoclonal anti-GAPDH (2118, 1:1,000 dilution; Cell Signaling Technology), rabbit polyclonal anti-Myosin IIa (3403, 1:1,000 dilution; Cell Signaling Technology), rabbit polyclonal anti-histone H3 (trimethyl K4) antibody
Cell culture and authentication MEF and HEK293 cells were maintained in DMEM (GIBCO BRL Shanghai) supplemented with 10% FBS (Hyclone) and 1% penicillin-streptomycin. INS-1 cells (passages 62-80) were kindly provided by Yong Liu (Shanghai Institute for Nutritional Sciences of Chinese Academy of Sciences, Shanghai, China; Yu et al., 2012) and maintained in RPMI 1640 medium (GIBCO BRL Shanghai) supplemented with 10% FBS, 10 mM Hepes, 2 mM glutamine, 1 mM sodium pyruvate, 50 µM β-mercaptoethanol, and 1% penicillin-streptomycin. All cells were cultured in a 37°C, 5% CO 2 incubator. Authentication of cell lines was performed by IDEXX Bioresearch. Genetic profiles were generated for the actual cell lines by using a panel of microsatellite markers for genotyping. MEF cells were confirmed to be of mouse origin, and no mammalian interspecies contamination was detected. HEK293 cells were confirmed to be of human origin, and no mammalian interspecies contamination was detected. INS-1 cells were confirmed to be of rat origin, and no mammalian interspecies contamination was detected. Recent short tandem repeats analysis was performed within 6 mo before the beginning or in the course of the experiments for all cell lines (Feng et al., 2017) .
Animals
Wistar and GK rats (male, ∼14-16 wk) were purchased from Shanghai slack animal center and maintained on a 12-h light/ dark cycle in the animal facility at Shenzhen University. All of the experimental procedures received approval from Animal Ethical and Welfare Committee of Medical College at Shenzhen University. 
Protein purification
Escherichia coli BL21 transformed with His-menin (WT, S122A, S487A, or S487D) was incubated at 25°C and then induced by 0.25 mM IPTG for 4 h. Cells were harvested and lysed with 1% Triton X-100 in PBS, 1.0 mM PMSF, 4 µg/ml bacterial protease inhibitor cocktail (Sigma), and 100 µg/ml lysozyme. Lysates were spun down, and the supernatant was added to Ni-NTA beads (Qiagen) overnight at 4°C. After washing with 1 mM imidazole in PBS, proteins were eluted from Ni-NTA beads with 150 mM imidazole in PBS.
In vitro PKA Cα phosphorylation assay
The in vitro kinase assay was undertaken as previously reported (Xing et al., 2013) . Briefly, 2 µg purified recombinant menin proteins was incubated with 0.15 µg purified recombinant active PKA Cα protein in kinase buffer (35 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 0.5 mM EGTA, and 0.1 mM CaCl 2 ) containing 100 µM ATP for 30 min at 30°C in a final volume of 40 µl. Reactions were terminated by addition of concentrated sample buffer.
Generation of pSer487 menin antibody
The sequences of the normal and pSer487 peptides from human menin were CRRGPRRESKPEEPP and CRRGPRRE{p}SKPEEPP. The Keyhole Limpet Hemocyanin-conjugated peptides were synthesized by Genescript and injected into BALB/c mice with adjuvant more than five times. The sera from the immunized mice were monitored with ELISA for binding to the control or phosphorylated peptide. When a positive sera result was detected, the mice were sacrificed and spleen cells were isolated to perform fusion with a myeloma cell line as previously described (Harlow et al., 1988) . The supernatant of the fused hybridoma was used to screen for clones that bound the well coated with phosphorylated peptide, but not the control peptide using ELISA. The positive hybridomas were further cloned and amplified.
Insulin secretion and content test INS-1 cells were seeded at 2 × 10 5 in six-well plates. 2 d later, the cells were washed and preincubated for 1 h in Krebs-Ringer bicarbonate buffer, and then the medium was replaced with Krebs-Ringer bicarbonate buffer containing 16.8 mM glucose with or without 10 nM Ex-4 for an additional 30 min. Secreted and cellular insulin (extracted in NP-40 lysis buffer containing 50 mM Tris, pH 7.4, 250 mM NaCl, 5 mM EDTA, and 1% NP-40) was assessed with rat insulin ELISA kits (ALPCO) according to the manufacturer's protocol.
RNA sequencing
RNA sequencing was conducted in RiboBio to analyze the cellular transcriptome. In brief, total RNA was extracted using the RNAiso plus reagents (TaKaRa). mRNAs were isolated from Total RNA and fragmented to ∼200 bp. Subsequently, the collected mRNAs were subjected to firstand second-strand cDNA synthesis followed by adaptor ligation and enrichment with a low cycle according to the instructions provided with the TruSeq RNA LT/HT Sample Prep Kit (Illumina). The purified library products were evaluated using the Agilent 2200 TapeStation and Qubit 2.0 (Life Technologies) and then diluted to 10 pM for cluster generation in situ on the HiSeq2500 single-end flow cell followed by sequencing (1 × 50 bp) on HiSeq2500.
Viral infection
Menin shRNAs for retroviral packaging were cotransfected with psi-2 helper plasmid into HEK293 cells using the calcium chloride precipitation method, and the resulting recombinant virus were used to transduce INS-1 cells, as previously reported (Yang et al., 2013; Feng et al., 2017) . The target sequences for menin shRNA are as follows: rat Men1 shRNA-1: 59-CTCGGATGTCAT ATGGAAC-39; and rat Men1 shRNA-2: 59-GCTGTATGACCTAGG ACAT-39.
ChIP assay
The ChIP assay was performed as previously described using a ChIP assay kit (Millipore) to study protein-DNA interactions and chromatin changes associated with gene expression . Briefly, 10 6 -10 7 formaldehyde cross-linked cells were lysed and sonicated to obtain sheared DNA. Lysates were incubated with antigen-specific antibodies and agarose beads at 4°C overnight. Samples were eluted from the beads and reverse cross-linked at 65°C. Eluted DNA was quantified using quantitative PCR and normalized to percent input of genomic DNA. The following primers were used for ChIP assays: Ins1 ChIP forward: 59-CGGGCTAGAACCACACATTT-39; and Ins1 ChIP reverse: 59-TTTGCTGCTAGCCTGGAGTT-39. duplexes at 50 nM using Lipofectamine 2000 reagent (11668-019; Invitrogen), and cells were cultured for 48 h before further analysis.
Immunohistochemistry
Pancreases of Wistar and GK rats were fixed in 4% paraformaldehyde overnight at 4°C, dehydrated in an ascending ethanol series, routinely embedded in paraffin, and sectioned at 5 µm. After conventional deparaffing, hydration, and antigen retrieval, the sections were subjected to UltraVision Quanto Detection System HRP DAB Kit (Thermo Scientific) for visualization of menin or pSer487 menin according to the manufacturer's protocol.
Microscopy
Images of paraffin section (immunohistochemistry) were acquired using the Nikon Eclipse Ci microscope equipped with the Nikon digital sight DS-U3 camera and NIS Elements imaging software 4.51 (Nikon) using NIKON 20×/0.4 objective at room temperature. Confocal images were acquired with a Leica TSP SP5II confocal microscope equipped with a Leica DMI6000 camera and LAS AF software using a Leica HCXPLFLUOTARL 40×/0.6 objective or a Carl Zeiss LSM710 confocal microscope equipped with LSM T-PTM and ZEN (2011) software using a 40×/1.30 objective at room temperature. Images were processed for contrast enhancement and background noise reduction using ImageJ (National Institutes of Health) or Zen 2012 (blue edition).
Islet isolation
Wistar or GK islet isolation was performed as previously described (de Haan et al., 2004) . Collagenase P (Sigma-Aldrich) dissolved to a concentration of 1.0 mg/ml in Hank's balanced salts solution was transfused into the pancreatic ducts via the common bile duct. The pancreas was chopped into 1-mm 2 pieces and brought into a 15-ml tube for incubation at 37°C with 1.0 mg/ml collagenase. After a 10-min digestion, the tissue was washed and sedimented twice to remove collagenase and leaked exocrinederived proteases. Islets were separated from exocrine tissue by handpicking under a stereomicroscope (Ying et al., 2012) .
Identification of proteins interacting with pSer487 menin
Nuclear extract from menin-null MEFs complemented with Flag-S487A menin or S487D menin mutant was isolated as described previously (Liu and Fagotto, 2011) and then incubated with 100 µl Protein A agarose beads (Invitrogen) coupled with the anti-Flag antibody at 4°C for 4 h. The beads were thoroughly washed and eluted by addition of 1× sample buffer. The purified proteins were separated by SDS-PAGE, stained with a Pierce Silver Stain Kit (Thermo Scientific), and excised under a sterile hood. The peptide sequences from these proteins were identified by mass spectrometry (TripleTOF 5600+ System; SCIEX) at Wininnovate Bio-Tech.
Quantification and statistical analysis
Statistical analyses were performed with GraphPad Prism (version 6.0; GraphPad Software) for t tests or IBM SPSS Statistics (version 19) for ANOVA. The statistical significances between datasets were indicated as P values, and P < 0.05 was considered statistically significant.
Data availability
The accession number for the raw and analyzed data files for the RNA-sequencing analysis reported in this paper is GEO: GSE106653.
Online supplemental material Fig. S1 shows that PKA interacts with menin. Fig. S2 shows that Ex-4/PKA phosphorylates menin at the Ser487 residue. Fig. S3 shows that nuclear-localized pSer487 menin binds to F-actin, which could be disassembled by cytochalasin D or IPO9 knockdown. Fig. S4 shows that reduced expression of XPO6 renders INS-1 cells more sensitive to Ex-4-induced insulin transcription. Fig. S5 shows that Ser487-phosphorylated menin loses its ability to suppress cell proliferation.
